We analyze thp transition from the tunneling regime to point contact in scanning tunneling microscopy. The variation of conductance as a function of tip-sample separation is sample and tip specific. Tunneling occurs through an eA'ective barrier even if the potential barrier collapses. Subsequent to the collapse of the eA'ective barrier the point contact is initiated leading to ballistic transport. The ballistic conductance through uniformly increasing contact area exhibits neither sharp quantized steps nor pronounced quantum oscillations. The observed oscillations are explained by the irregular enlargement of the contact area.
The current theory of scanning tunneling microscopy' (STM) is based on the first-order time-dependent perturbation theory and predicts that the tunneling conductance is proportional to the local density of states of the bare sample surface p(rii, EF), evaluated at the center of the tip and at the Fermi level. This theory has been used with reasonable success in STM operating in the usual conditions, where the tip and sample are widely separated. This is the independent-electrode regime. Earlier, the authors identified two other regimes occurring at small bias voltage Vb, in which the tip-sample interaction is significant, and thus the electrodes are no longer independent. These were electronic-contact and point-contact regimes. In the first one, the transport takes place via tunneling through the strongly disturbed electronic states of the electrodes. At relatively smaller tip-sample distance d (from ion-core to ion-core), the potential barrier p (i.e. , the saddle-point value of the electronic potential energy above EF) collapses and eventually point contact is initiated leadiirg to the ballistic transport. In this paper we present a theoretical analysis of these two regimes, which is crucial for the interpretation of STM operating at small tip-sample distance. Major issues we are investigating are how the transition from tunneling to ballistic conduction takes place and whether the conductance is quantized in the ballistic regime.
As the tip approaches the sample, the potential barrier is lowered and the tip-sample interaction gradually increases. The electronic charge is rearranged and the ions are displaced to attain the lowest total energy at the preset tip position. Owing to the significant overlap at small tipsample distance in the electronic contact regime, the tip and sample states are combined to yield site-specific localized (or resonance) states with a net binding interaction.
Moreover, due to the tip-sample interaction the parallel wave vector k~~which is normally conserved in the independent electrode regime, is no longer a good quanturn number.
For example, in contrast to the case of STM of graphite in the independent electrode regime, the apparent barrier should not rise because of transversal momentum. In the presence of a significant tip-sample interaction, the effect of the local perturbation of electronic states can be sought in the expression of tunneling current f EF+eV ' ' between the tip and sample, the energy s~of the lowest propagating state may occur above EF even if jji is collapsed. This forms an effective barrier p, jr-si EF.
Such a situation is illustrated in Fig. 1 at the edges of the orifice (z = -dp/2 and d -dp/2). Fi- ' Figure 2(a) presents the results of our calculations. In agreement with previous calculations, ' ' the conductance associated with a uniform orifice set up by a single atom at the vertex of the tip has a value less than 2e /h. Since the length of the orifice is finite and in the range of the internuclear distance ap (i.e. , sum of the atomic radii), this result implies that the energy of the first subband e& is still above EF, (i.e. , p,s & 0), and hence the conductance is dominated by tunneling. Apart from the contact system given in Table I we also analyzed the conductance by using a(d) corresponding to diA'erent tips. We found that depending on the shape of the tip the form of G(d) may diA'er from Fig. 2(a) Fig. 2(a) after the point of discontinuity.
The variation of 6 with the radius of the contact in the plastic deformation region is presented in Fig. 2(b) In conclusion, the character of transport and the variation of conductance as a function of d are not generic, but strongly depend on the properties of the tip and the sample. In particular, the appearance of a plateau before the point of discontinuity occurs only at certain conditions.
